Abstract. In the present study, it was investigated whether undernutrition affected the binding capacity, immunoreactivity and mRNA expression for uterine oestrogen and progesterone receptors (ER and PR, respectively) in sheep, as well as whether the responses were associated with changes in plasma concentrations of progesterone (P 4 ), oestradiol (E 2 ), glucose, fatty acids, insulin, leptin and insulin-like growth factor (IGF)-I during the oestrous cycle. Twenty ewes were fed either 1.5 (C) or 0.5 (L) times their maintenance requirements and were killed on Day 5 or 14 of the cycle (Day 0 = oestrus). Compared with Group C, Group L had higher concentrations of non-esterified fatty acids and lower concentrations of insulin, leptin and IGF-I. Group L also had higher plasma concentrations of P 4 during the final days of the luteal phase. At oestrus in both treatment groups, there were peaks in the concentrations of glucose, insulin and IGF-I. For ER and PR, transcript expression, binding capacity and immunoreactivity were higher on Day 5 than on Day 14 of the cycle. The binding capacities for ER and PR were lower in Group L than in Group C on Day 5. Group C showed more immunoreactive staining for ER than did Group L in two of five cell types, whereas no effect of treatment was observed for PR immunoreactivity. There was more PR mRNA in the uterine horn contralateral to the corpus luteum in Group C than in Group L ewes. We conclude that undernutrition impairs steroid receptor expression and binding capacity. This may alter the uterine environment and help explain the reductions in embryo survival.
Introduction
The uterine environment is essential for the survival of the preimplantation embryo that, in sheep, enters the uterus around Day 5 where it is totally dependent on maternal fluids (Winterberger-Torres and Sevellec 1987; Ashworth 1995) . The development of the endometrium and its capacity to secrete the nutrients, growth factors and enzymes that are essential for correct embryo development are controlled largely by the stimulatory effects of circulating progesterone (P 4 ; Wilmut and Sales 1981; Ashworth 1995) . On Days 14-16 of pregnancy in the ewe, a specific dialogue takes place between embryo and mother: the conceptus induces suppression of endometrial receptors for oxytocin and oestrogen (oestrogen receptor (ER) α), thereby preventing luteolysis and ensuring the maintenance of P 4 secretion by the corpus luteum (CL; Spencer et al. 2004) . Clearly, the sensitivity of the endometrium to steroid hormones is critical for preventing luteolysis and for the maternal recognition and maintenance of pregnancy and, thus, the fate of the embryo.
It is well documented that undernutrition affects reproductive function in ruminants at different levels of the hypothalamus-pituitary-gonadal axis (for a review, see Robinson 1996; Boland et al. 2001 ), but few studies have focused on its effect on uterine function. We have demonstrated previously that, although undernourished ewes have high plasma concentrations of P 4 , their uterine expression of pregesterone receptor (PR) is low compared with well-fed ewes (Lozano et al. 1998; Sosa et al. 2004) . This suggests that the endometrium of undernourished ewes is relatively insensitive to P 4 and that embryo survival may be at risk, a hypothesis that is consistent with the fall in pregnancy rates in undernourished ewes between 8 and 15 days after mating (Abecia et al. 1995 (Abecia et al. , 1997 .
Possible mechanisms by which undernutrition affects endometrial expression of steroid receptor genes in sheep are now being revealed. One possible, but unexplored, explanation for the reduction in protein immunoreactivity is a reduced rate of synthesis of the protein. A second possibility for the reduced PR expression involves metabolic mediators. Progesterone receptor expression is an index of oestrogen action and because we have detected no changes in ER expression, we proposed an alternative pathway for a reduction in PR immunoreactivity that involves metabolic factors in the circulation that change with nutritional status . Among these factors are insulin-like growth factor (IGF)-I and leptin, both of which have been proposed as indices of metabolic status as well as metabolic signals to the reproductive system (for reviews, see Clarke and Henry 1999; Blache et al. 2000a; Zulu et al. 2002) . Nutritional constraint reduces the plasma concentrations of IGF-I (Hua et al. 1995) , leading us to propose that low endometrial sensitivity to P 4 could be due to a reduction in the ligand-independent activation of ERα by IGF-I, as described by Flint et al. (2002) , and, thus, to less stimulation of PR synthesis . Moreover, IGF-I has been identified as an important regulator of PR in rat uterine cells (Aronica and Katzenellenbogen 1991) . Conversely, leptin has recently been shown to activate ERα in the absence of its natural ligand (Catalano et al. 2004) , so this cytokine hormone is another candidate for linking the effects of undernutrition to the expression of endometrial steroid receptors.
Therefore, the aim of the present study was to determine whether undernutrition reduces the expression of steroid receptors in the uterus of the ewe at the time when an embryo would be expected to arrive (Day 5) and at the time when luteolysis would be expected in the absence of an embryo (Day 14). In addition, metabolic and steroid hormone concentrations were characterised during the oestrous cycle in undernourished ewes so as to relate them to uterine gene expression. We used non-pregnant ewes so that only maternal effects would be observed.
Materials and methods

Animals and treatments
The present experiments were conducted at the Experimental Farm of the University of Zaragoza, Spain (latitude 41 • 41 N), in compliance with the requirements of the European Union for Scientific Procedure Establishments. All experimental procedures were performed under the supervision of the Ethics Committee of the University of Zaragoza, Spain.
In late February, the oestrous cycles of 20 adult, non-pregnant Rasa Aragonesa ewes with a mean (± s.e.m.) bodyweight (BW) of 56.8 ± 1.3 kg and a mean body condition (BC) score of 2.8 ± 0.1 (over a scale of 0-5, where 0 = emaciated and 5 = obese; Russel et al. 1969) were synchronised using a 12-day treatment with intravaginal progestagen pessaries (fluorogestone acetate 40 mg; Intervet, Salamanca, Spain). At the time of pessary insertion, ewes were allocated to one of two groups to be fed diets that provided either 1.5 (control group (C); n = 10) or 0.5 (low group (L); n = 10) times the daily requirements for maintenance (M; Agricultural and Food Research Council 1993) , with unrestricted access to water. For these animals, the 1.5 M diet ensures the maintenance of BC and BW, whereas 0.5 M results in a decrease of approximately 12% in BC and BW over 27 days of treatment (Abecia et al. 1995 (Abecia et al. , 1997 Lozano et al. 1998; Sosa et al. 2004) . Diets were offered separately at 1000 hours. For Group C, the daily allocation comprised 0.55 kg pellets and 0.80 kg barley straw per day, providing 12.4 MJ metabolisable energy per ewe and 8.36% crude protein (CP). For Group L, the daily allocation was 0.10 kg pellets and 0.50 kg barley straw (4.1 MJ metabolisable energy per ewe and 4.61% CP). The pelleted diet consisted of barley (79%), soy bean (15%) and mineral supplement (6%). These regimens were maintained throughout the experiment. Bodyweight and BC were determined at the time of pessary insertion, pessary withdrawal (Day −1) and when animals were killed (Days 5 and 14) .
At pessary withdrawal, the ewes were injected i.v. with 285 IU equine chorionic gonadotrophin (Intervet SA). Oestrus (Day 0) was detected every 8 h from 24 h after pessary withdrawal using rams wearing aprons to prevent fertilisation. Jugular blood was sampled daily in evacuated heparinised tubes 1 h before (0900 hours; preprandial bleeding) and 6 h after feeding (1600 hours; post-prandial bleeding) from Day −16 (4 days before the beginning of the nutritional treatment) until animals were killed. Samples were centrifuged within 15 min of collection (1000g, 10 min) and plasma was stored at −20 • C until analysis.
One ewe in each group did not show oestrous behaviour and one control ewe presented health problems; all three ewes were excluded from the experiment. On Day 5 (18 days after the beginning of nutritional treatment), five ewes from Group C and four ewes from Group L were killed using sodium thiopental (Euta-Lender; Normon SA, Madrid, Spain). The remaining ewes (Group C, n = 3; Group L, n = 5) were killed on Day 14, after 27 days of nutritional treatment. Tissue samples were dissected from the cranial one-third of each uterine horn (ipsilateral and contralateral to the CL), frozen in liquid nitrogen and then stored at −80 • C for the determination of receptor concentrations. A transverse section from the middle one-third of the uterine horn ipsilateral to the CL was fixed with formalin and embedded in paraffin for immunohistochemistry.
Metabolite assays
Glucose and non-esterified fatty acids (NEFA) were determined in all preprandial plasma samples from ewes killed on Day 14 (Group C, n = 3; Group L, n = 5). Glucose was assayed using an enzymatic glucose AA kit (Wiener Laboratory, Rosario, Argentina) on a Vitalab Spectra 2 autoanalyser (Vital Scientific, Dieren, The Netherlands). The intraand interassay coefficients of variation (CV) were 2.2% and 3.1%, respectively. Non-esterified fatty acids were also determined using a commercially available kit (Nefa-C; Wako Chemicals, Neuss, Germany) following the modifications of Johnson and Peters (1993) . The range of linearity was 0.2-2.1 mEq L −1 NEFA and the intra-and interassay CV were 14.7% and 12.1%, respectively.
Total plasma protein, albumin, urea, cholesterol and aspartate aminotransferase (AST) were determined in plasma samples obtained every 5 days using commercially available kits from Wiener Laboratory on a Vitalab Spectra 2 autoanalyser (Vital Scientific). For all variables, the intra-and interassay CV were 2.2% and 3.1%, respectively.
Hormone determination
Insulin was determined in samples taken before and after feeding of the ewes killed on Day 14 and was measured in all samples by direct, solid-phase radioimmunoassay (RIA) using commercially available kits (Diagnostic Product Company (DPC), Los Angeles, CA, USA). The sensitivity of the assay was 8.6 pm. For low (10.6 pm), medium (250 pm) and high (567 pm) control samples, the intra-assay CV was 29%, 5% and 6%, respectively, whereas the interassay CV was 37%, 2% and 7%, respectively. Samples that were below the detection limit of the assay (32 of 492) were adjusted to 8.6 pm for statistical purposes.
The concentrations of IGF-I were measured in all preprandial plasma samples using a double-antibody RIA (Gluckman et al. 1983) . Interference by IGF-I-binding proteins was minimised by acid-ethanol cryoprecipitation, as validated for ruminant samples (Breier et al. 1991) . Samples were assayed as duplicate 100-µL aliquots and the limit of detection was 0.08 ng mL −1 . All samples were analysed in one assay and the intra-assay CV for low (8.4 ng mL −1 ) and medium (48.4 ng mL −1 ) quality control samples was 8.4% and 5.3%, respectively.
Leptin was analysed in all preprandial plasma samples by RIA using an antiserum raised against recombinant bovine leptin in an emu (Blache et al. 2000b) . Samples were assayed as duplicate 100-µL aliquots and the limit of detection was 0.08 ng mL −1 . The intra-assay CV for low (0.7 ng mL −1 ), medium (1.6 ng mL −1 ) and high (5.6 ng mL −1 ) quality control samples was 7%, 4% and 2%, respectively. All samples were analysed in one assay.
Progesterone and oestradiol were determined from Day 0 (oestrus) to Day 14 (death) in the post-prandial samples from all ewes. Progesterone was measured by a direct, solid-phase RIA using commercially available kits (Count-A-Count TKPG; DPC), as described previously (Meikle et al. 1997) . The RIA had a sensitivity of 0.1 nm. The intra-assay CV at 3 nm was 12% and was less than 8% for medium and high concentrations (24 and 50 nm, respectively). The interassay CV was less than 14% for all standard concentrations.
The concentration of 17β-oestradiol was determined in all samples with a double-antibody RIA using commercially available kits (oestradiol double antibody, KE2D; DPC), as described previously (Meikle et al. 1997) . The detection limit of the assay was 2 pm. The intra-assay CV for low (6 pm), medium (53 pm) and high (121 pm) control samples was 6%, 17% and 0.9%, respectively. The interassay CV for the low, medium and high concentrations was 6%, 19% and 0.6%, respectively.
Steroid receptor mRNA determination
A solution hybridisation assay specific for ovine mRNAs of ERα and PR was performed in samples of the cranial one-third of both uterine horns, following the method described by Meikle et al. (2000a) . Total nucleic acids (TNA) were prepared by digesting homogenised tissues (50-200 mg) with proteinase K in a sodium dodecyl sulfate (SDS) buffer followed by extraction with phenol-chloroform. The concentration of DNA in the TNA samples was measured spectrophotometrically at 260 nm. For measurements of specific mRNA, probes were synthesised in vitro and radiolabelled with 35 S-uridine 5 -triphosphate (UTP; Amersham, Buckinghamshire, UK) using reagents supplied by Promega (Madison, WI, USA). Restriction of the vector pGEM4Z containing a fragment of the ovine (o) ER cDNA with EcoRI allows the synthesis of an anti-sense RNA probe using T7 RNA polymerase. Restriction of the vector pCRII containing a fragment of the oPR cDNA with HindIII allows the synthesis of an anti-sense RNA probe using T7 RNA polymerase. The hybridisation probes used for ER mRNA and PR mRNA determinations were derived from plasmids containing 360-or 314-bp cDNAs from the oER and oPR (Ing et al. 1996) . The 35 S-UTP-labelled cRNA was hybridised at 70 • C to TNA samples. Incubation was performed in triplicate overnight and samples were then treated with 1 mL RNase buffer containing RNaseA and RNaseT1 (Boeringer-Mannheim, Mannheim, Germany) for 45 min at 37 • C to digest unhybridised RNA. Labelled hybrids protected from RNase digestion were precipitated by the addition of trichloroacetic acid and collected on filters (Whatman GF/C, Maidstone, UK). Radioactivity was determined in a liquid scintillation counter. The intra-and interassay CV were 7% and 21% for ERα mRNA, respectively, and 8% and 12% for PR mRNA, respectively. Receptor mRNA levels were expressed as amol mRNA per µg DNA (amol µg DNA −1 ).
Steroid receptor binding assays
Ligand-binding assays were performed in the cytosolic fractions from the cranial one-third of both uterine horns, as described previously (Garófalo and Tasende 1996) . The term 'cytosolic' refers to the supernatant fractions of tissue homogenates after a high-speed centrifugation and does not imply cellular receptor localisation. Slices of each frozen sample were homogenised in assay buffer and separated by two centrifugations at 4 • C (1000g for 15 min and then 40 000g for 90 min). The cytosolic fractions were incubated in duplicate with five or six increasing concentrations of 3 H-E 2 (86 Ci mmol −1 , 0.3 to 15 nm; or 3 H-ORG-2058, 40 Ci mmol −1 , 0.5 to 30 nm; Amersham) with or without a 200-fold excess of unlabelled diethylstilbestrol or ORG-2058, respectively. After 18 h incubation at 0-4 • C, free steroids were removed by dextran-coated charcoal and radioactivity was measured by liquid scintillation counting. The protein concentration in the cytosolic fraction was determined according to the method of Lowry et al. (1951) . Data were analysed using a linear regression test of the inverse Scatchard model (Braunsberg 1984 ) to obtain the apparent dissociation constant (K d ) and the concentration of receptor sites at the intercept (in fmol mg protein −1 ). The protein concentration (mg mL −1 ) and the amount of tissue (g mL −1 ) used in the receptor assays were positively correlated (r = 0.83; n = 15; P < 0.0001), indicating that the cytosolic protein extraction procedure was similar for all tissue samples. The mean affinities (K d ) for P 4 (1.05 ± 0.54 nm; n = 30) and for E 2 (1.21 ± 0.52 nm; n = 30) were within the range reported for uterine receptors (Garófalo and Tasende 1996; Meikle et al. 1997; Tasende et al. 2002) .
Receptor protein localisation and abundance
We used the avidin-biotin-peroxidase immunohistochemical technique to visualise PR and ERα immunostaining in sections from both uterine horns (Meikle et al. 2000b) . Monoclonal mouse antibodies were used as primary antibodies: anti-PR (catalogue no. 18-0172; Zymed, South San Francisco, CA, USA) and anti-ERα (catalogue no. sc-787; Santa Cruz, Santa Cruz, CA, USA), diluted 1 : 100 and 1 : 25 in phosphatebuffered saline (PBS), respectively. Negative controls for each receptor were obtained by replacing the primary antibody with non-immune mouse IgG at an equivalent concentration (catalogue no. sc-2025; Santa Cruz). After primary antibody binding, sections were incubated with a biotinylated horse anti-mouse IgG (Vectastain; Vector Laboratories, Burlingame, CA, USA) diluted in normal horse serum. Thereafter, tissue sections were incubated with a horseradish peroxidase-avidin-biotin complex (Vectastain Elite; Vector). The location of the bound enzyme was visualised by 3,3 -diaminobenzidine in H 2 O 2 (DAB kit; Vector) and sections were counterstained with haematoxylin and dehydrated before they were mounted. For each receptor, all samples were analysed in the same immunohistochemical assay.
Image analysis
The amount of PR and ERα in different cell types was estimated subjectively by two independent observers who were not aware of the treatment groups from which the tissues originated . Both receptors were evaluated in five endometrial compartments: luminal epithelium, glandular epithelium (arbitrarily divided in two portions, superficial glandular epithelium next to the uterine lumen and deep glandular epithelium next to the myometrium) and stroma (classified as superficial and deep following the same criteria). Ten fields were analysed for each cell type at a magnification of ×1000 in all ewes. The staining of the nuclei was scored as being negative (−), faint (+), moderate (++) or intense (+++) and the extent of staining of each cell type was expressed in proportion on a scale of 0-10 (Thatcher et al. 2003) .
The average staining was calculated as 1 × n 1 + 2 × n 2 + 3 × n 3 , where n is the proportion of cells per field exhibiting faint (n 1 ), moderate (n 2 ) and intense (n 3 ) staining (Boos et al. 1996) . The estimated proportion of total positive cells per field was also recorded.
Statistical analysis
All variables were subjected to analysis of variance using a mixed model (Statistical Analysis System; SAS Institute, Cary, NC, USA) that included the fixed effects of nutritional treatment (low or control), day of oestrous cycle (Day 5 or 14) and their interactions. In the case of insulin, the sample time with respect to feeding (before or after) was also considered as a fixed effect. For the analysis of repeated measurements (metabolites, insulin, leptin, IGF-I, P 4 and E 2 ), the covariance structure was modelled to consider the correlation between sequential observations on the same animal (Littell et al. 2000) . For the analysis of metabolites and metabolic hormones, measurements of the period before treatment (Day −16 to Day −13) were included in the model as covariables. For BC and BW, the initial values were used as covariables. The variables studied in the analysis of receptor localisation by immunohistochemistry were the proportion of total positive cells and the average staining of the 10 fields. The statistical model included the effects of observer, treatment, day and cell type (luminal epithelium, superficial and deep glandular epithelium, and superficial and deep stroma) and their interactions. Data are presented as the least square mean ± s.e.m. The level of significance was considered to be P < 0.05.
Results
The main effects and their interactions for all variables are given in Table 1 .
Bodyweight and body condition
During the study, there was no change in BW in Group C (from 56.8 ± 0.4 to 57.1 ± 0.6 kg; P > 0.05; n = 8) but Table 1 . F-Tests of fixed effects included in the model for metabolic variables Fixed effects are treatment (0.5 and 1.5 times the maintenance requirement), day of the oestrous cycle (Day 5 and Day 14), side (ipsilateral and contralateral) and the interactions between them. AST, aspartate aminotransferase; E 2 , oestradiol; ER, oestrogen receptor; IGF-I, insulin-like growth factor-I; NEFA, non-esterified fatty acids; P 4 , progesterone; PR, progesterone receptor Group L progressively lost weight (from 56.7 ± 0.3 to 49.7 ± 0.4 kg; P < 0.001; n = 9). Similarly, Group L also lost BC (from 2.8 ± 0.1 to 2.4 ± 0.1; P < 0.001), whereas there was no change in the BC of Group C (2.8 ± 0.1 to 2.7 ± 0.1). After pessary withdrawal (12 days after nutritional treatment started), Group L had a lower BW and BC than Group C (P < 0.01).
Circulating metabolites
The plasma concentration of glucose tended to be higher in Group L than in Group C (3.58 ± 0.06 and 3.36 ± 0.09 mm, respectively; P = 0.1); significant differences among groups at specific days of the cycle are shown in Fig. 1a . The main effect of the day of the cycle was significant primarily because, in both groups, there was a small peak in glucose concentrations at oestrus (Day 0), followed by a gradual decrease until Day 4. Concentrations of NEFA (Fig. 1b) rose rapidly in Group L and, from the first day of dietary treatment until the end of the experiment, were two-to threefold higher than in Group C (0.9 ± 0.1 and 0.4 ± 0.1 mEq L −1 , respectively; P < 0.001). For urea concentrations (Fig. 1c) , the treatment × day interaction was significant because, after the treatments started, values fell quickly in Group L and were maintained in Group C, so overall concentrations differed (3.2 ± 0.2 v. 4.3 ± 0.2 mm, respectively; P < 0.0001). Total protein and albumin concentrations were not affected by treatment, but there was a significant treatment × day interaction on albumin concentrations (Table 1) : in Group L, albumin decreased gradually during the experiment, whereas in Group C it decreased towards Day −1 and then tended to increase towards Day 9. On Day 9, Group L presented lower albumin (P < 0.05) and tended to have lower protein concentrations than Group C (P = 0.08; Fig. 1d ). Cholesterol and AST concentrations (data not shown) were not affected by treatment, day of cycle or their interaction.
Circulating hormones
Plasma IGF-I concentrations tended to be higher in Group C than in Group L (49.9 ± 5.7 v. 35.3 ± 4.3 ng mL −1 , respectively; P = 0.1; Fig. 1e ). The differences were significant from Day 1 to 4 when, in both groups, there was a peak in values (Days 1-3 ). This post-oestrus peak was more pronounced in Group C than in Group L. For leptin concentrations, the interaction between day and treatment was significant (Table 1) . In Group L, the overall leptin concentrations were half those observed in Group C (1.49 ± 0.04 v. 2.83 ± 0.05 pm, respectively; P < 0.001). Before the treatments started, the leptin concentrations did not differ between the two groups but, following the start of nutritional treatment, leptin concentrations fell in Group L and were ultimately lower at the end than at the beginning of the experiment (P = 0.001; Fig. 1f ). In contrast, the leptin C. Sosa et al. concentrations in Group C tended to increase early on, but then remained stable.
The effect of nutritional treatment on insulin concentrations differed according to the time of sampling relative to feeding. Preprandial values (Fig. 1g) were not affected by treatment, except at oestrus, when concentrations were higher in Group C than in Group L (P < 0.05). In the post-prandial samples, overall insulin concentrations were lower in Group L than in Group C (39.8 ± 9.4 v. 85.7 ± 12.6 pm, respectively; P < 0.01; Fig. 1h ). The pattern of insulin with time also differed among treatments. Ewes in Group C had a pronounced peak around oestrus (Day 0 ± 2 days) in both the pre-and post-prandial samples and two minor increases on Days −12 to −11 and Days 11 to 12, whereas the insulin concentrations in Group L were generally more constant. Differences according time of meal intake within groups were also observed: in Group L, insulin concentrations were higher before than after feeding (52.1 ± 9.7 v. 39.8 ± 9.4 pm, respectively; P = 0.05) but, in Group C, they were higher after feeding (69.9 ± 12.3 v. 85.7 ± 12.6 pm; P < 0.05).
Two ewes killed on Day 14 (1L and 1C) had shown oestrous behaviour but did not present progesterone luteal levels. This was consistent with the abnormally small size of the CL found at the time of death, so neither was considered further for the determinations of P 4 , E 2 and their receptors. Progesterone concentration increased gradually after oestrus in both groups, but Group L reached higher maximum values than did Group C and presented higher concentrations on Days 12 and 13 (P < 0.05; Fig. 2a ). Oestradiol concentrations tended to be higher in Group L than in Group C (17.4 ± 2.7 v. 10.2 ± 3.2 pm, respectively; P < 0.09; Table 1 ). The effect of the day of the cycle was significant: in Group C, E 2 decreased from oestrus to Day 3 (P < 0.05), whereas in Group L, E 2 tended to increase from Day 3 to 6 post-oestrus (P = 0.1) and then decreased towards Day 10 (P < 0.05; Fig. 2b ).
Uterine receptors
It should be noted that results on transcript and receptor expression from Group C on Day 14 are limited by the small number of animals that had become available by that time.
Receptor mRNA concentration
Uterine concentrations of mRNA for ERα and PR are shown in Fig. 3a ,b,e, f. No differences among groups were found for ERα mRNA in the ipsilateral or contralateral horns. In both groups, concentrations of ERα were higher on Day 5 than on Day 14 in the contralateral horn (P < 0.05) and, on Day 5, ERα mRNA concentrations were higher on the contralateral than on the ipsilateral side (P < 0.05). Concentrations of PR mRNA were higher in Group C than in Group L on both days in the contralateral, but not in the ipsilateral, horn (P < 0.0001). In both groups, concentrations of PR mRNA in the ipsilateral horn were higher on Day 5 than on Day 14 (P < 0.05). In Group C, there was more PR mRNA in the contralateral than the ipsilateral horn on both days (P < 0.0001), but no difference between sides was observed in Group L.
Receptor binding capacity
The binding capacity of ER and PR is shown in Fig. 3c,d ,g,h. On Day 5, there were lower concentrations of PR and ER in Group L than in Group C (P < 0.001) but, on Day 14, receptor levels were similar between groups. In both groups, the PR concentration was higher on Day 5 than on Day 14 (P < 0.001); the same pattern was observed for ER, but only in Group C.
Receptor protein localisation and abundance
Immunoreactive ERα and PR were detected exclusively in the nuclei (not cytoplasm) of all endometrial cell types that were studied. When specific monoclonal antibodies were substituted with a non-immune mouse IgG, the absence of staining confirmed the high specificity of immunostaining for both receptors (Fig. 4) . The effect of observer was significant on average staining (P < 0.05), but not on the proportion of positive cells for both receptors.
Details of the changes in staining for the different days and treatments are shown in Fig. 5 . The proportion of positive cells and average staining for ERα and PR were affected by day and by cell type, and by the three-way interaction of treatment × day × cell type (P < 0.05). On Day 5, Group C had greater ERα immunostaining in luminal and superficial glandular epithelium than did Group L. Overall, the epithelia (luminal and glandular) had more intense ERα and PR staining than the stroma (P < 0.01). The average staining of ERα was greater on Day 5 than on Day 14 (P < 0.05), was greater in deep than in superficial glandular epithelium (P < 0.0001) and greater in superficial than in deep stroma (P < 0.0001).
There was more PR on Day 5 than on Day 14 (P < 0.0001). On Day 14, luminal and superficial glandular epithelia were almost devoid of PR immunostaining. Overall, the average staining of PR was greater in superficial than in deep C. Sosa et al. 20 µm glandular epithelium (P < 0.01) and in superficial than in deep stroma (P < 0.0001).
Discussion
In the present study, we investigated the effect of undernutrition on the gene expression, binding capacity and tissue distribution of PR and ER in the uterus of adult ewes and related these findings to circulating patterns of metabolic and reproductive hormones. The most important observation was that constraining nutrition to half the requirements for maintenance provoked a significant reduction in the binding capacity of both ER and PR on Day 5 after oestrus, leading us to speculate as to whether this may provide a link between nutritional status and the success of early pregnancy. Uterine binding capacity of ER and PR was decreased by undernutrition on Day 5 post-oestrus. This reinforces our earlier observation that PR immunoreactivity was reduced by undernutrition in six of eight endometrial compartments on Day 5 post-oestrus, without any difference on Day 10 ( Sosa et al. 2004) . Because receptors concentrate the hormones in the target tissues, the low PR content is consistent with the reduced endometrial content of P 4 found at Day 10 in our previous study (Lozano et al. 1998) . Preimplantation sheep conceptuses are totally dependent on uterine secretions, the magnitude and composition of which are modulated by the actions of P 4 (Ashworth 1995) . Thus, any change in the ability of endometrial tissue to respond to P 4 in the early stages of pregnancy, such as a reduction in receptors, would be expected to alter the uterine environment to the detriment of the development and survival of the embryo. This could explain, at least in part, the slow embryo development and low pregnancy rates observed in undernourished animals over Days 8-15 after oestrus (Abecia et al. 1995 (Abecia et al. , 1997 (Abecia et al. , 1999 ).
Receptors were not affected by the nutritional treatment either on Day 14 post-oestrus (the present study) or on Day 10 , so it seems unlikely that endometrial sensitivity to steroids during the late luteal phase accounts for the lower pregnancy rates in undernourished ewes.
The diminished uterine ER and PR binding capacity on Day 5 could be caused by the altered steroid hormone profiles found in the present study. Undernutrition tended to increase plasma concentrations of E 2 and clearly increased P 4 concentrations over the latter days of the luteal phase and this finding, already reported in ruminants, has been attributed to a reduction in hepatic blood flow and, thus, steroid clearance (Williams and Cumming 1982; Parr 1992; Parr et al. 1993; Lozano et al. 1998; Sangsritavong et al. 2002) . It is accepted that oestrogens stimulate and progesterone downregulates ER and PR expression (Spencer and Bazer 1995; Meikle et al. 2004) and this is consistent with the lower receptor binding capacity and immunoreactivity found at Day 14 compared with Day 5. Conversely, the differences found in receptor content among groups on Day 5 cannot be explained by the steroid hormone profiles found during the early luteal phase. In addition to the classical activation of steroid receptors by their ligands, other agents are capable of activating them without the constitution of a hormonereceptor complex (Tsai and O'Malley 1994) . It has been demonstrated in cell culture that many compounds, including growth factors and hormones, such as IGF-I and leptin, can activate steroid receptors in a ligand-independent manner by enhancing phosphorylation (Mani 2001; Flint et al. 2002; Catalano et al. 2004) . Because the concentrations of IGF-I and leptin are decreased by undernutrition and receptors for both hormones are present in the uterus (Stevenson et al. 1994; González et al. 2000) , the reduced activation of steroid receptors on Day 5 in undernourished ewes may be caused by these pathways. Regulation of uterine function by these metabolic signals may be a strategy by which an animal fed below its requirements avoids reproduction to ensure survival.
Overall, the immunohistochemical assessments did not reveal differences in ERα or PR due to the nutritional treatment, but lower ERα immunoreactivity was observed in the luminal and superficial glandular epithelium of undernourished ewes on both days of the cycle. This could alter the luteolytic mechanism or the embryo-uterus dialogue, because epithelial cells are involved in both phenomena. However, we have reported previously a decrease in PR immunostaining in most uterine cell types in undernourished ewes on Day 5 post-oestrus and no changes in ERα ). This discordance with our previous findings may be because, in the earlier study, a natural oestrous cycle was used (second cycle after synchronisation), whereas the present used an induced cycle (first cycle after synchronisation). Despite the lack of effect of undernutrition on receptor immunoreactivity, lower binding was observed in undernourished ewes. Undernutrition may have provoked conformational changes in the protein that could have masked the epitope of the specific antibody or hidden the ligandbinding domain of the protein, accounting for differences between immunoreactivity and the binding capacity of the receptors.
Receptor immunoreactivity varied according to cell type, confirming that endometrial steroid receptors are regulated in a manner specific to cell type (Spencer and Bazer 1995; Meikle et al. 2000b; Sosa et al. 2004 ). The greater immunostaining of ERα and PR in superficial compared with deep stroma, as well as the differential regulation of both receptors according to the location of the glandular epithelium, is consistent with our previous research (Meikle et al. 2000b; Sosa et al. 2004) . The content of ERα was higher at the bottom of endometrial glands (deep glandular epithelium), whereas PR was more highly expressed in the superficial epithelium. This disparity in the distribution of receptors may be associated with the different biological effects of steroid hormones on these particular cell types. Conti et al. (1981 Conti et al. ( , 1984 demonstrated, in rabbits, that glandular cells proliferate and migrate towards the lumen under the control of oestradiol and become functional and secretory in the upper part of the gland under the control of progesterone.
Undernutrition reduced the binding capacity of ER and PR in both uterine horns, but only reduced transcription for PR on the contralateral side. We have no explanation for this observation, but it implies differential regulation among uterine horns and suggests that, in the contralateral horn, there is a higher transcription rate and/or half-life of mRNA in equilibrium with a higher rate of degradation of the protein and/or lower rate of translation. In previous studies, mRNA content 12 h after E 2 treatment was the opposite of what was found by binding assays, enzyme immunoassays and immunohistochemistry (Meikle et al. 2000a (Meikle et al. , 2000b , reinforcing the idea that it is risky to predict protein expression from mRNA content.
The higher levels of expression of both mRNAs in the contralateral than in the ipsilateral horn could be related to the local distribution of ovarian products to the ipsilateral horn (Einer-Jensen and McCracken 1981) : the P 4 concentration is higher in the uterine vein adjacent to the CL-bearing ovary than in the contralateral vein (Weems et al. 1989; Lozano et al. 1998) and this would lead to a greater suppressive effect of P 4 on steroid receptors in the ipsilateral horn.
In the undernourished ewes, the nutritional restriction decreased body mass and condition and increased NEFA concentrations, indicating an increase in lipolytic activity. Glucose concentration tended to be higher in undernourished ewes, without changes in preprandial insulin concentration. This tendency, which may reflect insulin resistance, was not expected and is difficult to explain, so will need to be tested in future studies. In contrast with control ewes, there was no post-prandial rise in insulin concentrations in the undernourished ewes, as has been reported for cattle (Bonnet et al. 2004) , suggesting a critical difference between the dietary treatments in the amount of glucose entering the tissues. Undernutrition also decreased IGF-I and leptin concentrations, as reported previously (Hua et al. 1995; Delavaud et al. 2002; Kiyma et al. 2004; Zhang et al. 2005) . The low leptin concentration during undernutrition could act as an acute signal for increased appetite, lower energy expenditure and decreased reproductive activity (Chilliard et al. 2000) .
An interesting finding was that glucose, insulin and IGF-I concentrations were elevated at oestrus, very evident in control ewes and less pronounced in undernourished ewes. This could be an acute response to the practices inherent to the detection of oestrus (male introduction, presence of humans) because such stressors evoke a reflex release of insulin and glucagon, as well as peripheral insulin resistance, leading to reduced glucose uptake (Elsasser et al. 2000) . In addition, the oestrous peak in E 2 may have enhanced pancreatic insulin secretion, as suggested for rats (Nadal et al. 1998; Morimoto et al. 2001) . Moreover, pancreatic sensitivity to E 2 (ER content) could also be high at oestrus, as occurs in other non-classical target tissues of this steroid, as exemplified by the increase in adrenal ER during the follicular phase in sheep (van Lier et al. 2003) . The rise in IGF-I at oestrus has also been observed previously in sheep (Spicer et al. 1993; Viñoles et al. 2004 ) and could be explained by the coincident rise in insulin because this hormone increases liver concentrations of IGF-I mRNA and plasma IGF-I concentrations in cows (Butler et al. 2003; Rhoads et al. 2004) . Although most studies have focused on the effects of metabolic signals on the reproductive system, the concept of a reproductive hormone affecting metabolism (in this case, E 2 is proposed) emphasises a poorly studied aspect of the interconnections between reproduction and metabolic status.
In summary, the present study demonstrates evidence of an inhibitory effect of undernutrition on the uterine content of sex steroid receptors. An effect of reproductive hormones on metabolic status can also be envisioned, because glucose, insulin and IGF-I concentrations are elevated at oestrus in underfed ewes. These processes may help explain the adverse effects of undernutrition on embryo survival in the first 2 weeks of pregnancy.
